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The thalamus is essential for sensory perception. In mammals, work on the mouse has
taught us most of what we know about how it develops and connects to the cortex.
The mature thalamus of all mammalian species comprises numerous anatomically distinct
collections of neurons called nuclei that differ in function, connectivity, and molecular con-
stitution. At the time of its initial appearance as a distinct structure following neural tube
closure, the thalamus is already patterned by the regional expression of numerous regula-
tory genes.This patterning, which lays down the blueprint for later development of thalamic
nuclei, predates the development of thalamocortical projections. In this review we apply
novel analytical methods to gene expression data available in the Allen Developing Mouse
Brain Atlas to highlight the complex organized molecular heterogeneity already present
among cells in the thalamus from the earliest stages at which it contains differentiating
neurons.This early patterning is likely to invest in axons growing from different parts of the
thalamus the ability to navigate in an ordered way to their appropriate area in the cerebral
cortex.We review the mechanisms and cues that thalamic axons use, encounter, and inter-
pret to attain the cortex. Mechanisms include guidance by previously generated guidepost
cells, such as those in the subpallium that maintain thalamic axonal order and direction,
and axons such as those of reciprocal projections from intermediate structures or from the
cortex itself back toward the thalamus.We show how thalamocortical pathﬁnding involves
numerous guidance cues operating at a series of steps along their route. We stress the
importance of the combinatorial actions of multiple genes for the development of the
numerous speciﬁc identities and functions of cells in this exquisitely complex system and
their orderly innervation of the cortex.
Keywords: thalamus, cortex, transcription factor, axon guidance, guidance molecule, transgenic mouse, thalamo-
cortical axon, pioneer axon
INTRODUCTION
AN OVERVIEW OF THALAMIC STRUCTURE AND FUNCTION
The thalamus is a bilaterally symmetrical structure located roughly
centrally in the forebrains of mammals (Figure 1). In adults, its
neurons are clustered into discrete groups called nuclei that are
easily recognized in histological sections. Some nuclei connect a
single functional pathway: for example, the dorsal lateral genicu-
late nucleus (LGN) receives axons from the retina and is connected
to the visual cortex. The best-studied nuclei are those through
which sensory information ﬂows from the periphery to the cortex,
namely the dorsal LGN (visual), the ventral complex (somatosen-
sory), and medial geniculate complex (auditory; Figure 1). These
sensory nuclei are found in a region of the thalamus traditionally
called the dorsal thalamus to distinguish it from its neighbor, the
ventral thalamus, which contains nuclei whose functions are less
well understood and do not connect to the cortex. In fact, as one
moves along the curved anteroposterior axis of the neural tube, the
ventral thalamus is found anterior to the dorsal thalamus rather
than ventral to it and the preference now is to refer to the dorsal
thalamus as simply “the thalamus” and the ventral thalamus as
“the prethalamus” (indicating its location before the thalamus).
This nomenclature will be adopted here.
Each thalamic nucleus connects either to a speciﬁc cortical
region or over a broader area comprising several related regions.
Electrophysiological and axonal tracing methods have shown that
the connections of the principal sensory nuclei project in an
ordered topographical manner to the cortical area they innervate,
generatingmaps of the sensory surface. It is estimated that between
70 and 99% of thalamic neurons project to the cortex and, across
mammalian species, the size of the thalamus is proportional to
the size of the cortex (Sherman and Guillery, 2005; Jones, 2007).
Nuclei whose main role is to relay and process sensory informa-
tion often have their neurons organized into discrete subregions,
in some cases into layers, that relay speciﬁc aspects of the sensory
modality they receive. For example, in the rodent whisker sys-
tem, distinct types of sensory information such as that regarding
touch versus movement of the whiskers is transmitted by sepa-
rate components of the somatosensory nuclei. The thalamus is
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more than merely a relay of information to the cortex. It has a
much more active role, with information coming to the cortex
being altered through cortical feedback via corticothalamic axons
and the involvement of the reticular nucleus of the prethalamus
(Figure 1; Sherman, 2007). Nuclei such as those near the midline
(Figure 1) have been linked to general properties of the normal
functioning brain, such as attention, arousal, and awareness (Van
der Werf et al., 2002).
Thus, the thalamus and prethalamus are divisible and sub-
divisible into a highly complex set of anatomically and functionally
distinct regions. As described in later sections, this complexity
starts to be generated from the earliest embryonic stages at which
the thalamus and prethalamus are ﬁrst recognizable as a distinct
structure, soon after closure of the neural tube.
AN OVERVIEW OF THE ANATOMICAL DEVELOPMENT OF THALAMUS
AND ITS CONNECTIONS
In the mammalian embryo, the folding of the neural plate and
its closure along the dorsal midline to form the neural tube gen-
erates the spinal cord posteriorly and the brain anteriorly. The
early brain comprises three main vesicles, the forebrain (or pros-
encephalic) vesicle, the midbrain (or mesencephalic) vesicle, and
the hindbrain (or rhombencephalic) vesicle. The forebrain vesicle
expands to form two bilateral telencephalic vesicles and a central
diencephalic vesicle that becomes engulfed by the more rapidly
expanding telencephalic vesicles that rise up on either side of it.
The telencephalon generates the cerebral cortex in its dorsal com-
ponent (known as the pallium) and the basal ganglia in its ventral
component (known as the subpallium). The major derivatives of
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FIGURE 1 |The layout of some of the main nuclei in the adult rodent
thalamus. At the top are drawings of three coronal sections cut through the
thalamus from anterior (or rostral) on the left to posterior (or caudal) on the
right. The diagram below indicates their approximate positions in the brain.
Three principal sensory nuclei are colored: dorsal lateral geniculate nucleus
(dorsal LGN, orange); ventral nuclei (V, green); medial geniculate (MG, gray).
Examples of other major nuclei are: A, anterior nuclei; Cm, centromedial
nucleus; Dm, dorsomedial nucleus; Gv, ventral lateral geniculate nucleus; L,
lateral nuclei; R, reticular nucleus; Re, reunions nucleus; Z, zona incerta.
the diencephalon are the thalamus, hypothalamus, prethalamus,
and epithalamus.
The thalamocortical tract, which comprises the axons of thala-
mic neurons that innervate the cortex, starts to form soon after
the thalamus and prethalamus develop as distinct anatomical
entities and continues to grow and expand at the same time as
thalamic nuclei emerge and mature. This makes it likely that the
mechanisms of thalamic nuclear formation and thalamocortical
axonal development are intimately intertwined. The formation of
the thalamocortical tract is achieved by the guidance of growing
axons from their cell bodies within the thalamus through a com-
plex three-dimensional route to the cortex (Figure 2). The fact
that thalamic axons take such a complex route over a relatively
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FIGURE 2 |The three-dimensional topography of thalamocortical
connections in the mouse brain. (A)Three coronal sections through the
brain around the time of birth, from anterior on the left to posterior on the
right. Axons from different thalamic nuclei project in topographic order to
innervate their speciﬁc cortical regions: dorsal lateral geniculate nucleus
(dorsal LGN) innervates occipital (visual) cortex (purple); ventrobasal nuclei
(VB) innervate parietal (somatosensory) cortex (green); ventrolateral nuclei
(VL) innervate frontal (motor) cortex (orange). Thalamocortical axons cross
the diencephalic–telencephalic boundary (DTB) and the pallial–subpallial
boundary (PSPB). (B) Horizontal section taken in the plane shown by
broken line in (A).
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long distance makes this tract a particularly fascinating example
in which to analyze the mechanisms of axon guidance and suggests
that the guidance mechanisms are likely to be multiple.
Initially, thalamocortical axons extend anteroventrally through
the prethalamus; they then turn laterally into the ventral part of
the telencephalon, or subpallium, by crossing the diencephalic–
telencephalic boundary (DTB); ﬁnally, they turn once again, this
time dorsally, to reach the cortex in the pallium by crossing the
pallial–subpallial boundary (PSPB; Figure 2). At the same time,
axons extend from the cortex along the same path, forming recip-
rocal corticothalamic connections with the thalamus (reviewed
by López-Bendito and Molnár, 2003; Price et al., 2006). The
thalamus and cortex are interconnected in an ordered fashion
such that adjacent cells in the presynaptic structure project, as
a general rule, to adjacent structures in the postsynaptic struc-
ture. Thalamocortical axons are ordered as they grow through
the subpallium toward the cortex, indicating that topography
is present in the tract before axons arrive at their ﬁnal target
(reviewed in Garel and Rubenstein, 2004). A detailed under-
standing of the precision of this topography is still elusive. One
issue that needs to be resolved is exactly how a collection of
thalamic nuclei and sub-nuclear structures distributed in three-
dimensional space in the thalamus and a set of points distrib-
uted across the two dimensions (rostrocaudal and mediolateral)
of the cortical sheet map onto each other. To what extent are
the neighbor-relationships of axons from adjacent neurons in
one structure maintained as they grow to the other? At present,
our insight into the topography of thalamocortical projections
remains relatively crude.
MOLECULAR PATTERNING OF THE DEVELOPING THALAMUS
PREVIOUS STUDIES
For thalamocortical axons to navigate a complex route through
the forebrain while maintaining some degree of topographic order
they need to be equipped with the molecules necessary to allow
appropriate responses to the guidance cues they will encounter
from other cell bodies or axons, including those of other thalamic
neurons. One important way in which topographic order might
be maintained is that the neurons of cells in different parts of the
developing thalamus might express different sets of such mole-
cules, preventing them from becoming mixed up. In other words,
the pattern of molecules expressed across the thalamus might be
critical for ensuring appropriate navigation. There is now strong
evidence that this is the case.
The establishment of inter-neuronal differences in the expres-
sion of molecules involved in axon guidance, such as receptors for
extracellular guidance cues, is controlled by the thalamic expres-
sion of transcription factors that determine which of the genes
that encode such cues are activated or repressed in any particular
cell. A critical question, therefore, is whether, and if so to what
extent, different regions of the thalamus express different sets of
regulatory transcription factors and downstream guidance mole-
cules, such as receptors, before they start to grow axons toward the
cortex. The sets of genes expressed within each thalamic region
are certain to overlap partially and the molecular identity of each
region will depend on the combination of transcription factors
that it expresses and their levels.
By about halfway through gestation in mice, the thalamus
comprises the progenitor cells that will generate most of the post-
mitotic thalamic neurons over the following days. A study by Vue
et al. (2007) deﬁned two major progenitor domains in the thal-
amus, one large posterior domain named pTH-C that expresses
transcription factors such as Ngn2 and Olig2 and a much smaller
anterior domain named pTH-R that expresses transcription fac-
tors such as Nkx2.2 and Mash1 (Figure 3). At a ﬁner level, several
detailed and elegant expression analyses have shown that from
an age before thalamocortical axons start to navigate to the cor-
tex thalamic progenitors and their newly generated postmitotic
neurons are subdivided molecularly by the expression of tran-
scription factors and other molecules into regions that are likely
to be the forerunners of the thalamic nuclei of the mature struc-
ture (Nakagawa and O’Leary, 2001; Vue et al., 2007, 2009; Kataoka
and Shimogori, 2008; Suzuki-Hirano et al., 2011;Yuge et al., 2011).
More work is required to determine the relationship between these
early patterns of thalamic gene expression and speciﬁc mature
thalamic nuclei. Most previous studies looked for possible cor-
respondence between the early expression of individual genes
and the later development of speciﬁc thalamic nuclei and fur-
ther insights might be gained by examining the early patterning
conferred by combinations of transcription factors, since cells that
co-express one particular combination are likely to develop dif-
ferently to cells that express a different combination even if some
of the individual genes expressed are the same. In the following
section we describe an analysis using existing data on the expres-
sion of individual genes to deduce patterns of co-expression of
these genes. The results of a theoretical analysis such as this might
guide us toward combinations of genes that might be most worth
studying experimentally.
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FIGURE 3 | Examples of transcription factor expression patterns in the
progenitor domain of the embryonic mouse diencephalon.The
thalamus is divided into the large pTH-C (orange) and the small anterior
pTH-R (blue). Abbreviations: PT, pretectum; PTh, prethalamus; ZLI, zona
limitans intrathalamica. Adapted from Vue et al. (2007).
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AN ANALYSIS OF EXISTING DATA IN THE ALLEN DEVELOPING MOUSE
BRAIN ATLAS
The Allen Developing Mouse Brain Atlas (ADMBA) contains
images of both Feulgen Yellow DNA counterstained 20μm-thick
tissue coronal sections through mouse embryonic brains and
in situ hybridizations providing data on the expression of a wide
range of genes that pattern the early thalamus. Its detail and high-
resolution images give it the potential to be a powerful resource
for the analysis of gene expression and co-expression patterns.
Such data has many possible uses. For example, previous work
has developed methods for semi-automatic annotation of gene
expression patterns as a step toward generating atlases of the
expression of all genes in the brain (Carson et al., 2005). Here, we
tested whether such data could be used to deduce the patterns of
co-expression of key transcription factors in the embryonic thal-
amus at an age that predates the establishment of thalamocortical
connections.
Serial sections were downloaded from E13.5 embryos. Within
the thalamus, cell densities varied from low to high (Figure 4) and
cells could be counted manually in such areas (Figure 4B), but
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FIGURE 4 | Measuring cell density in the thalamus. (A) E13.5 coronal
thalamic sections counterstained with the DNA stain Feulgen-HP yellow
from ADMBA. There is substantial variation in cell density in different parts
of the thalamus, for example cell density is very high in the proliferative
ventricular zone (VZ) adjacent to the thalamic midline (M, dashed line).
Boxed areas indicate areas of high, medium, and low density examined
further in (B). (B)Top panels show raw image examples of low, medium,
and high cell densities taken from thalamic areas indicated in (A). Bottom
panels show manual annotation of these data where the operator identiﬁes
nuclei by eye and marks each one with a black dot.
this was very time-consuming and so an automatic method was
devised. The method was based on the use of Hessian matrices
to describe mathematically local morphological features across an
image, such as the curvatures of edges (Sato et al., 1998). In the
ADMBA, counterstained nuclei have edges that are clear enough
to allow the application of this approach. The calculation of the
eigenvalues of the Hessian matrices and their subsequent clas-
siﬁcation allows the identiﬁcation of round or oval shapes that
correspond to cells. Data from this automated approach were
compared with data obtained manually. For each image, the dis-
tance was calculated between each point allocated manually to
a cell nucleus and its nearest neighbor among points allocated
automatically, and where the distance was less than the radius
of a nucleus (5μm) it was designated as a hit. This method
gave hit rates of 90%, indicating excellent correlation between
the automatic and manual methods, and so the former was used
to measure density across all E13.5 coronal sections through the
entire thalamus. The surface of each section was divided into tiles
(20μm× 20μm) using a grid and cell density was measured in
each tile.
Gene expression information was extracted from images of
in situ hybridizations in the ADMBA based on color and bright-
ness levels (an example of raw data is shown in Figure 5A). Each
pixel across the image was categorized as: (i) no tissue (white;
bright); (ii) non-expressing counterstained tissue (yellow; inter-
mediate brightness); (iii) expressing tissue (gray/black; very dark).
Each image was subdivided into 20μm× 20μm tiles (Figure 5B;
each small square represents one tile) to generate data that could be
readily matched to the density information obtained as described
above. The level of expression for each tile was calculated with:
tile expression level
= number of expressing pixels
number of
expressing pixels
+ number of
non-expressing pixels
This gave a number for each tile indicating of how much of the
tissue in it showed in situ hybridization staining. This number did
not take into account cell density.
Data were then combined from in situ hybridizations with
each of a series of patterning genes. Data from images of in situ
hybridizations for one gene were matched to those from immedi-
ately adjacent images of the expression of another gene. The range
of possible double-labeling was then estimated.
In cases where the expression level (as deﬁned by the equa-
tion above) of one gene and that of a second gene within a given
tile add to more than 100%, we can conclude that there must
be some double-labeling. The minimum proportion of double-
labeling tells us whether two genes necessarily overlap in a given
tile, and howbig that overlap is. For example, if the two genes cover
60 and 70%, theymust overlap by at least 30%,although they could
overlap by as much as 60%. The maximum double-labeling gives
a measure of how much of the tissue could be expressing both
genes at the same time. Since we have values for the cell density in
every tile (obtained as described above), we can combine data on
proportions of double-labeled cells with cell densities in each tile
to obtained values in terms of numbers of cells per tile (due to its
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FIGURE 5 | Measuring gene expression fromADMDA images. (A) In situ
hybridization for neurogenin2 (ngn2) mRNA in E13.5 thalamus. The in situ
signal is a brown color and the section is also counterstained with Feulgen
yellow. (B)This processed image is obtained by dividing the image in (A)
into 20μm×20μm square tiles and calculating the ngn2 expression level
for each tile (see main text) with expression level ranging from 0 (minimum
expression) to 1 (maximum expression) with tile-values color coded as
illustrated. This analysis identiﬁes highest ngn2 expression in tiles at the
ventricular zone (VZ) with expression diminishing laterally, in excellent
agreement with visual inspection of the original in situ in (A).
size, each tile contained a maximum of 11 cells). Thus, in each tile,
the proportion of double-labeled cells was multiplied by the cell
density.
The combination of minimum and maximum double-labeling
values for each pair of genes provides information on the number
of cells that must be co-expressing both genes and the poten-
tial number of cells that could. Examples of the outcomes of
these analyses are shown in Figures 6–8. It is important to
point out that these theoretical outcomes, which would need to
be veriﬁed experimentally, necessarily involve assumptions. One
of the assumptions, which might affect the estimates of mini-
mum double-labeling, is that the expression pattern of each gene
is similar through the depth of each 20μm-thick section. This
assumption might become less accurate in areas of high cell den-
sity in which, given an average cell diameter of about 10μm, a
maximum of two entire cells or one entire cell and two cell frag-
ments might be located above each other at any point across the
surface of the section. The more positions there are at which
labeling is contributed by only one of the cells stacked above
each other, the greater will be the overestimate of minimum
double-labeling.
Figure 6 shows expression of the genes encoding the transcrip-
tion factors Gbx2 and Ngn2, at two different rostrocaudal levels in
the thalamus.A few cells in the strip of proliferating tissue adjacent
to the third ventricle express gbx2, but most cells throughout the
population of differentiating thalamic cells express it. Expression
is particularly strong at the lateral edges of the thalamus (upper
arrow in Figure 6). On the other hand, ngn2 is expressed by pro-
liferating cells adjacent to the ventricle as well as by differentiating
cells positioned centrally within the thalamus. There is a gradient
of ngn2 expression, which increases with proximity to the zona
limitans intrathalamica (ZLI),which marks the anterior boundary
of the thalamus at this age. Examination of the possible range of
gbx2-ngn2 co-expression across the thalamus revealed that many
cells must co-express in a medial strip adjacent to the proliferative
zone. Moving laterally, at least a few cells in the anterior part of the
thalamus, toward the ZLI,must co-express whereas none are likely
to co-express in the most lateral regions where gbx2 expression
is strong. Thus, the thalamus can be subdivided at E13.5 into an
anteromedial zone in which cells express gbx2 and ngn2 together
and a lateral zone in which cells express gbx2 alone. The rela-
tive location of the regions of anterior thalamus in which cells
co-express gbx2 and ngn2 (lower arrow in Figure 6) correspond
roughly to the relative location of the anterior nuclei of the adult
thalamus. These nuclei are further subdivided and one can specu-
late that themost anteromedial zoneof highdouble-labelingmight
develop into the mature anteromedial nuclei whereas the adjacent
anterior zonewith lower proportions of double-labeled cellsmight
develop into another of the anterior group, e.g., the slightly more
lateral anteroventral nucleus. Clearly, the early double-labeled cells
need tobe followed throughdevelopment to conﬁrmor refute such
suggestions.
Figure 7 shows a further example, in this case of the expres-
sion and estimated co-expression of olig2 and otx2. In this case, we
can deduce that the most signiﬁcant numbers of cells that must,
or might, co-express these transcription factors form a small sub-
set of cells (arrows in Figure 7) expressing one or other alone
within the body of the thalamus in a medial location. This relative
position suggests that these cells might conceivably generate the
centromedial nucleus of the mature thalamus.
Figure 8 shows a third example, in this case of the expres-
sion and estimated co-expression of gbx2 and otx2. In this case,
co-expression levels are potentially greatest in anteromedial loca-
tions, suggesting a contribution of this combination of expression
to the speciﬁcation of the anteromedial nuclei.
Whereas the speciﬁcs of these suggested associations between
gene co-expression patterns and mature nuclei are highly spec-
ulative, these analyses highlight an important overall conclu-
sion, namely that the thalamus is extremely highly patterned
molecularly from the earliest stages at which is contains sig-
niﬁcant number of postmitotic neurons and before it starts
to send axons toward the cortex. This conclusion is rein-
forced by data on the expression of potential downstream
effectors of the actions of these transcription factors, such
as the Cadherins or the Eph/ephrins. Figure 9 shows, in a
rostral-to-caudal series of sections through the E13.5 thalamus,
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FIGURE 6 | Gbx2 and ngn2 co-expression in E13.5 thalamus.Top four
panels show the raw data from ADMBA: in situ hybridizations for gbx2 and
ngn2 at two coronal levels through the thalamus. The two levels are shown in
the schematic at the bottom of the Figure. The lower four panels show
representations of gbx2 and ngn2 co-expression obtained by combining gene
expression and cell density information and calculating the (1) maximum and
(2) minimum number of cells in each 20μm×20μm tile co-expressing gbx2
and ngn2. The values for each tile range from 0 to 11 (the maximum number
of cells that can ﬁt in a single tile) and are color coded as illustrated at the
bottom. Arrows indicate high level of gbx2 expression in the mantle zone (top)
and double-label anteriorly close to the zona limitans intrathalamica (ZLI;
bottom). In the schematic, the thalamus (Th) is in red.
the complex expression patterns of two example, cadh8 and
epha4, revealing the molecular diversity and complex patterning
of the cell surface constitutions of even the earliest thala-
mic cells.
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FIGURE 7 | Olig2 and otx2 co-expression in E13.5 thalamus.Top
four panels show the raw data from ADMBA: in situ hybridization for
olig2 and otx2 at two coronal levels through the thalamus (see
Figure 6). The lower four panels show representations of olig2 and
otx2 co-expression obtained by combining gene expression and cell
density information and calculating the (1) maximum and (2) minimum
number of cells in each 20μm×20μm tile co-expressing olig2 and
otx2 (as in Figure 6). A small thalamic area in the ventricular zone is
identiﬁed where two to six cells in each tile must be co-expressing
olig2 and otx2 (arrows).
EVIDENCE FOR THE IMPORTANCE IN THALAMIC AXONAL
DEVELOPMENT OF REGIONALLY EXPRESSED THALAMIC
TRANSCRIPTION FACTORS
One of the ideas expressed earlier in this review is that early thal-
amic patterning is likely to invest in axons growing from different
parts of the thalamus the ability to navigate in an ordered way
to their appropriate area in the cerebral cortex. If this is the case
we would predict that disruption of the expression of pattering
molecules would disrupt the ordered development of thalamo-
cortical axons. A number of mouse knock-out studies have shown
that a variety of transcription factors play an important role in
thalamocortical tract development. Mice lacking transcription
factors such as Pax6, Mash1, Tbr1, and Ebf1 have thalamocor-
tical axon pathﬁnding defects (Kawano et al., 1999; Miyashita-Lin
et al., 1999; Tuttle et al., 1999; Pratt et al., 2000, 2002; Garel et al.,
2002; Hevner et al., 2002; Jones et al., 2002) but it is not always
clear whether this is because of a direct effect within the thalamus
rather than an indirect result of defects elsewhere. In the case of
Pax6, in vitro co-culture experiments have provided evidence that
Pax6 expression is required within the thalamus itself for correct
axon guidance (Pratt et al., 2000). Explants from wild type ventral
telencephalon were cultured in contact with wild type or Pax6−/−
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FIGURE 8 | Gbx2 and Otx2 co-expression in E13.5 thalamus.Top four
panels show the raw data from ADMBA: in situ hybridizations for gbx2 and
otx2 at two coronal levels through the thalamus (see Figure 6). The lower four
panels show representations of gbx2 and otx2 co-expression obtained by
combining gene expression and cell density information and calculating the
(1) maximum and (2) minimum number of cells in each 20μm×20μm tile
co-expressing olig2 and otx2 (as in Figure 6). A strip of co-expressing cells,
narrow in the mediolateral axis but extending along the dorsoventral axis of
the thalamus, is identiﬁed where two to six cells in each tile must be
co-expressing gbx2 and otx2.
thalamus. When wild type thalamus was cultured with wild type
ventral telencephalon, thalamic axons entered the ventral telen-
cephalon and turned toward the cortex in a similar manner to that
observed in vivo. When Pax6−/− thalamus was cultured with wild
type ventral telencephalon a smaller number of thalamic axons
entered the ventral telencephalon, they extended a shorter distance
and failed tomake a dorsal turn as in the previous experiment. This
result showed that axons lacking Pax6 fail to grow in the correct
manner even when confronted with an environment containing
guidance cues that normal thalamic axons can respond to. This
indicates that Pax6 expression is required within the thalamus for
its axons to navigate.
One of the most interesting transcription factors in the present
context is Ngn2, whose graded expression across the thalamus
immediately prior to axonal outgrowth was discussed above and
shown in Figure 6. By analyzing mice lacking Ngn2, Seibt et al.
(2003) showed that Ngn2 speciﬁes cell autonomously the projec-
tion of thalamic neurons to frontal cortical areas. The mechanism
by which this is achieved is particularly interesting. Ngn2 deter-
mines the projection of thalamic neurons to speciﬁc cortical
domains by specifying the responsiveness of their axons to cues
encountered in tissues through which they navigate to attain the
cortex. In other words, this transcription factor ﬁts the role pre-
dicted by the hypothesis that early thalamic patterning is likely to
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FIGURE 9 | Complex expression patterns of cell surface molecules in the developing thalamus at E13.5. In situ hybridizations for cadh8 and epha4
running from Level 1 past Level 2 (Levels shown in Figure 6). Images are taken from ADMBA.
invest in axons growing from different parts of the thalamus the
ability to navigate in an ordered way to their appropriate area in
the cerebral cortex.
The tissue through which thalamocortical axons navigate
includes the ventral telencephalon, or subpallium, and much has
been learned in recent years about the mechanisms that guide
these axons through this and other intermediate regions. These
mechanisms will be reviewed in the following sections.
THE GUIDANCE OF AXONS FROM THE THALAMUS
GUIDEPOST CELLS AND AXONS
Before considering further the mechanisms that might ensure that
axons from each part of the developing thalamus target their
correct cortical area, we shall consider what is known about the
mechanisms that guide the earliest axons out of the thalamus and
toward the cortex. It seems likely that these early axons grow in
an orderly way but as yet direct evidence on how ordered they
are is lacking. Much of our understanding of these early phases of
thalamocortical growth center on the results of studies examining
the role of other sets of neurons and axons that pioneer or guide
the thalamocortical axons in the direction of the cortex. This work
predates our knowledge of the molecules that provide guidance
and so we shall discuss the importance of pioneer axons ﬁrst.
The importance of early pioneer or guidepost cells and axons
in the development of persistent axonal pathways was recog-
nized decades ago in other systems in other species. Guidepost
cells are found at intermediate positions along the route of a
particular axonal tract where they provide guidance information
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to navigating axons at important choice points. Initially described
in the grasshopper limb bud, guidepost cells have since been
proposed in other systems, including the developing mouse
thalamocortical tract.
During grasshopper (Locusta migratoria) development the ﬁrst
two neurons that differentiate within the grasshopper limb bud
designated as Ti1 extend their axons along a deﬁned route through
the limb bud toward the central nervous system (Bate, 1976).
Axons from later born neurons follow the same path as the Ti1
pioneer axons to form a major nerve trunk within the adult limb
(Keshishian, 1980). The route taken by these pioneers is not a
straight one, however: the axons make two near 90˚ turns as they
traverse the limb bud. At speciﬁc points along its route the Ti1
axon makes contact with three cells designated F1, F2, and CT1. It
was proposed that these cells act as intermediate targets for the Ti1
axon. These cells were termed “guidepost cells.” Their importance
was later demonstrated by a study which selectively destroyed the
CT1 guidepost cells during limb bud development. It was found
that in the absence of these cells the Ti1 axon does not make the
second 90˚ turn toward the CNS and instead growth of the axon
is either arrested at this point or continues abnormally within the
limb bud. This demonstrated that guidepost cells are necessary for
the guidance of pioneer axons in the grasshopper limb (Bentley
and Caudy, 1983).
In the developing mouse thalamocortical system, it has been
proposed that populations of guidepost cells are present along
the route taken by thalamocortical axons and that these cells act
as intermediate targets for thalamocortical axons or corticothal-
amic axons. These cells act in a different manner to those found
in the grasshopper limb bud in that they extend axons, and it is
thought that these axons then act as a scaffold to guide the later
thalamocortical and corticothalamic axons. Axon tracing studies
have identiﬁed populations of cells in two main locations that are
proposed to act as guideposts (Figure 10).
First, cells within the reticular nucleus of the prethalamus are
known to project axons to the thalamus (Ohara and Lieberman,
1985). These axons form along the same route that later thalam-
ocortical axons will follow and are present throughout the period
during which thalamocortical axons navigate through the dien-
cephalon (Mitrofanis and Baker, 1993; Mitrofanis and Guillery,
1993). A second population of cells project axons to the thala-
mus from the internal capsule at the same time as axons from the
reticular cell group (Métin and Godement, 1996; Molnár et al.,
1998; Braisted et al., 1999). It has been suggested that these two
populations of axons guide thalamocortical axons through the
diencephalon and into the ventral telencephalon (reviewed in
Molnar et al., 2003; Figure 10).
This hypothesis is compatible with the results of several studies
in mutant mice. In mice lacking the transcription factor Mash1,
thalamocortical axons do not cross the diencephalic–telencephalic
border but instead remain within the diencephalon. In these mice
there are no early projections from cells within the primitive inter-
nal capsule to the thalamus (Tuttle et al., 1999). In mice lacking
the transcription factor Pax6, the thalamocortical tract also fails to
form properly and, again, this corresponds with a failure of axonal
projections from the internal capsule to the thalamus (Jones et al.,
2002; Pratt et al., 2002). In mice that lack Emx2 thalamocortical
Cortex
Internal
capsule
Thalamus
FIGURE 10 | Pioneer neurons and axons in the developing
thalamocortical tract. As thalamic axons (red) grow they are thought to be
guided by the axons of neurons in the reticular nucleus of the prethalamus
(black) the site of the future internal capsule (gray). It has been suggested
that these two populations of axons guide thalamocortical axons through
the diencephalon and into the ventral telencephalon.Within the primitive
internal capsule another population of cells project axons in the opposite
direction, into the cortex (green). These axons are thought to guide
descending corticothalamic axons (blue) into the ventral telencephalon
across the pallial–subpallial boundary. Recent evidence suggests that for
thalamic axons (red) to grow from subpallium to cortex they require
guidance by cortical efferents (blue).
axons are misrouted in the ventral telencephalon and fail to reach
the cortex. As in the previous examples this phenotype is asso-
ciated with the loss of projections from the internal capsule and
in addition a reduced number of axonal projections from cells
within the prethalamic reticular nucleus (López-Bendito et al.,
2002). Although these observations ﬁt the proposal that the axons
from guidepost cells located within the prethalamus and the prim-
itive internal capsule are responsible for guiding thalamic axons
into the ventral telencephalon, further work is needed since these
mutant mice display wide-ranging morphological and molecular
abnormalities and it is possible that the loss of guidepost cell axons
maynot be the primary cause of defects seen in the thalamocortical
tract.More recent experiments byZhou et al. (2008) demonstrated
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loss of both thalamocortical and corticothalamic axons in mice
with conditional deletion of the Celsr3 gene restricted to the
Dlx5/6-expressing cells in the ventral telencephalon around the
site of the internal capsule. They suggested that a likely cause of
these defects was the need for Celsr3 expression by guidepost cells,
the probability of this explanation being increased by the restricted
nature of the deletion to a region that contains such guidepost cells.
Within the primitive internal capsule another population of
cells project axons in the opposite direction, into the cortex
(Molnár et al., 1998; Figure 10). These axons are thought to
guide descending corticothalamic axons into the ventral telen-
cephalon across the PSPB (the important anatomical and gene
expression boundary dividing the pallium from the subpallium).
Recent experiments in our laboratory tested the hypothesis that
descending corticofugal are, in their turn, important for guiding
thalamocortical axons across the PSPB. The work used condi-
tional mutagenesis to assess the effects of blocking corticofugal
axonal development without disrupting thalamus, subpallium, or
the PSPB. The results provided the most compelling evidence to
date that for thalamic axons to grow across the PSPB from subpal-
lium to cortex they require guidance by cortical efferents (Chen
et al., 2012). The navigation of thalamic axons can be seen, there-
fore, as a series of steps with guidance being provided at each by
different sets of reciprocal axons from intermediate or ﬁnal targets.
THE GROWTH OF THALAMOCORTICAL AXONS THROUGH THE VENTRAL
TELENCEPHALON; THE CORRIDOR
Guidance cues and receptors bound to the cell membranes can
guide thalamic axons by providing permissive territory into which
the axons are channeled. Recent studies have shown that thalamic
axonswill only navigate successfully through themedial ganglionic
eminence (MGE) if cells from the lateral ganglionic eminence
(LGE) expressing the guidance cueNeuregulin-1migrate to form a
permissive“corridor”through the otherwise non-permissiveMGE
(López-Bendito et al., 2006; Bielle et al., 2011a,b). This migration
of cells from LGE to MGE is shown in Figure 11. The mechanisms
that regulate it are not well understood but some experiments
have implicated the transcription factor Pax6 and the repellant
molecule Slit2 in this process (Simpson et al., 2009; Bielle et al.,
2011a,b).
As thalamocortical axons navigate from the thalamus, Pax6
expression is found not only in the cortex, but also in the pro-
liferative zone of the LGE (at lower levels than in the cortex)
and in a stream of cells within the LGE descending on the ven-
tral side of the internal capsule, as shown in Figure 11. The use
of conditional mutagenesis to delete Pax6 from a speciﬁc region
of Pax6 expression close to the internal capsule, through which
thalamic axons navigate to cerebral cortex, caused many thalamic
axons to take aberrant routes, either failing to turn normally into
ventral telencephalon to form the internal capsule or exiting the
developing internal capsule ventrally. In this case, early pioneer
axons that project from the region of the future internal capsule
to the thalamus were present, and the structure that was disrupted
was the corridor, which was broader and less dense than normal
(Figure 11). These ﬁndings indicate that ventral telencephalic Pax6
is important for formation of the corridor and the thalamic and
cortical axons that grow through it (Simpson et al., 2009). In vivo
Pax6 expression               Normal corridor             Disrupted corridor 
                                                                                           following loss of 
                                                                                           Pax6 in subpallium
corridor cells                      Pax6-expressing
                                               cells
LGE      MGE
A B C
FIGURE 11 | Evidence that Pax6 plays a role in corridor formation. (A)
Normal Pax6 expression (blue shading) in a section of mouse brain; cells in
the boxed area are schematized in (B,C). (B) Normally, Pax6-expressing
cells (purple) are located ventral to the corridor/developing internal capsule
in the medial ganglionic eminence (MGE); those located laterally comprise
the lateral cortical stream migrating from the pallial–subpallial border
(arrow). Islet1-expressing cells (green) migrate from the progenitor layer of
the lateral ganglionic eminence (LGE; arrow) to form the corridor through
which thalamocortical axons grow (arrow). (C) In conditional mutant
embryos with selective reduction of Pax6 in speciﬁcally the ventral
telencephalon but neither thalamus not cortex, there are fewer
Pax6-expressing cells ventral to the corridor than normal (other populations
of Pax6-expressing cells outside the region of Pax6 deletion are not shown
since they are not affected). Cells from the lateral ganglionic eminence
migrate to form a corridor that is abnormally broad with a lower peak
density of Islet1-expressing cells; many Islet1-expressing cells stray into the
area depleted of Pax6 expression. Many thalamic axons fail to enter this
abnormal corridor or exit it along its length. Data are taken from Simpson
et al. (2009).
and ex vivo experiments in mice demonstrated that the midline
repellent Slit2 orients migration of corridor neurons (Bielle et al.,
2011a,b). Whether Pax6 might regulate molecules such as Slit2 to
generate the corridor remains to be tested.
REGULATORY MOLECULES IMPLICATED IN THE GUIDANCE OF
THALAMIC AXONS THROUGH THE SUBPALLIUM
A number of transcription factors other than Pax6 have been
shown to be important for thalamocortical axons to navigate suc-
cessfully through the subpallium. The most likely mechanism of
action here is that these factors are required for the proper pattern-
ing of the subpallium and that, by regulating the cellular andmole-
cular environment through which thalamocortical axons navigate,
they create the necessary conditions and cues. For example, cor-
rect levels of the transcription factor Gli3, which is a well-known
player in Sonic hedgehog signaling andwhosemutation in humans
causes brain and limb defects, are critical (Magnani et al., 2010).
Mutant mice hypomorphic for Gli3 (Gli3Pdn/Pdn) show morpho-
logical abnormalities of theLGEassociatedwith severepathﬁnding
defects of thalamocortical axons in the ventral telencephalon.
Transplantation experiments demonstrated that the intrinsic abil-
ity of the Gli3Pdn/Pdn ventral telencephalon to guide thalamocor-
tical axons is compromised, rather than the defects being caused
primarily in the thalamus. The molecular networks that require
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regulation by Gli3 to ensure correct thalamocortical development
are not known.
Another example comes from the work of Lakhina et al. (2007).
They showed that the transcription factor Lhx2 is essential for nor-
mal thalamocortical tract pathﬁnding because it has functions that
are localized in the ventral telencephalon rather than in the thala-
mus. Interesting, the absence of Lhx2 in the ventral telencephalon
selectively disrupts a subset of thalamic axons and their topog-
raphy. Unlike the case with Gli3, this indicates that loss of Lhx2
causes a speciﬁc rather than a general perturbation of cues in this
structure.
Crossing the knowledge-gap between high level transcription
factors and the effectors of axons guidance that they ultimately
regulate, we ﬁnd quite a considerable body of literature on how
the guidance cues themselves can inﬂuence the guidance of thal-
amocortical axons. It has been shown that certain guidance cues
can have a chemoattractive or chemorepulsive effect on growing
thalamic axons. One example of a well-known guidance mole-
cule known to inﬂuence thalamocortical axon guidance in this
way is Netrin-1. It is expressed in the ventral telencephalon and
has been shown in vitro to act as an attractant for a subset of
thalamic axons (Braisted et al., 1999, 2000; Bonnin et al., 2007).
Netrin-1 may also act as a repulsive cue. Other studies have
shown thatNetrin-1 receptorDCCmediates an attractive response
in the growth cone while receptor Unc5 mediates a repulsive
response (reviewed by Moore et al., 2007). A close inspection
of the dynamics of expression of different Netrin receptors by
different sets of thalamic neurons is particularly important to
understand the full activity of this molecule in thalamocortical
axon guidance.
We now know that the topography of thalamocortical axon
projections is initiated before they reach the cortex, in the ven-
tral telencephalon. One of the interesting features of the expres-
sion of Netrin-1 in the ventral telencephalon is that it is graded
from high levels anteriorly to low levels posteriorly. A question
addressed by Powell et al. (2008) is whether this concentration
gradient is required for the topographic sorting of thalamocorti-
cal axons to distinct cortical domains. Their work showed that
Netrin-1 is a chemoattractant for anterior thalamic axons, in
which DCC is highly expressed, but a chemorepellent for poste-
rior thalamic axons, in which Unc5 receptors are highly expressed.
DCC is required for the attraction of anterior thalamic axons
to the Netrin-rich, anterior part of the ventral telencephalon
whereas DCC and Unc5 receptors are required for the repulsion
of posterior thalamocortical axons from this Netrin-rich region.
A study by Bonnin et al. (2007) has provided further informa-
tion on how the activities of guidance molecules such as Netrin-1
can be modiﬁed by the actions of other molecules, thereby increas-
ing the arrayof guidance cues offered to advancing thalamocortical
axons. Altering serotonin levels in the embryonic mouse brain
disrupts the precision of sensory maps formed by thalamocor-
tical axons (e.g., Cases et al., 1996), suggesting that serotonin
might inﬂuence thalamocortical axonal growth. Bonnin et al.
(2007) found that posterior thalamocortical axons are repelled
from Netrin-rich anterior ventral telencephalon in the presence
of serotonin, suggesting that the distinct action brought about by
combining serotonin and Netrin-1 is an important component in
the subcortical sorting of thalamocortical axons en route to the
cortex.
As well as Netrin-1 a number of other groups of proteins have
been shown to act as guidance cues or receptors for thalamocor-
tical axons. These include the Slits and their receptors, the Robos,
which are thought to be particularly important for the repulsion
of axons away from the hypothalamus (Bagri et al., 2002; Braisted
et al., 2009). Mice deﬁcient in Robo2 and, more dramatically, in
both Robo1 and Robo2, display axon guidance errors in the devel-
opment of thalamocortical connections (López-Bendito et al.,
2007). Slit2 and Slit1/2 double mutants display malformations
in thalamocortical targeting (Andrews et al., 2006).
A very recent and particularly striking example of how multi-
ple guidance cues can combine to have often surprising effects on
thalamocortical development is provided by the work of Bielle
et al. (2011b). This work showed that the rostrocaudal topo-
graphic organizationof the thalamocortical connections is initially
established in the corridor in the ventral telencephalon (discussed
above) and that the rostrocaudal gradients of Slit1 and Netrin-1
are critical for establishing this order in a rather surprising way.
In these experiments, the authors found that for rostral thalamic
axons Slit1 is a repellent and Netrin-1 had no chemotactic activ-
ity (in contradiction to previous ﬁndings discussed above: Powell
et al., 2008). But when Slit1 and Netrin-1 were combined they
generated attraction. The authors concluded that Slit1 has a dual
context-dependent role in thalamocortical navigation and that a
combination of cues produces an emergent activity that neither of
them has alone.
Other molecules involved in thalamocortical development
include the Semaphorins, a family of genes that encode both
membrane bound and diffusible guidance cues. Examples include
Sema6A which is expressed by thalamic axons and Sema3C which
is expressed in the ventral telencephalon and the cortex (Jones
et al., 2002; Little et al., 2009). In Sema6A mutants, axons from the
LGN of the thalamus are misrouted in the ventral telencephalon
although, remarkably, themisrouted axons eventually do ﬁnd their
way to the visual cortex via alternate routes at postnatal stages and
reestablish a normal pattern of thalamocortical connectivity (Lit-
tle et al., 2009). These ﬁndings emphasize the point that, although
intermediate cues in the ventral telencephalon are important for
guidance, speciﬁcity canbe achieved through cortical cues, indicat-
ing the multiplicity of mechanisms that result in correct thalamic
axonal targeting in the cortex.
Another family of molecules strongly implicated in the devel-
opment of the topography of thalamocortical projections is the
Ephs and Ephrins (Dufour et al., 2003, 2006; Bolz et al., 2004;
Torii and Levitt, 2005). Ephrin A5 has a gradient of expression in
the intermediate tissue through which thalamocortical axons grow
and EphA3, EphA4, and EphA7 have gradients of expression in
the thalamus. Analysis of mutant mice has shown that Eph/ephrin
genes control the topography of thalamocortical axons by sort-
ing them in the ventral telencephalon (Dufour et al., 2003). As
in the case of the modulation of the response of thalamocortical
axons to netrin by serotonin discussed above, in the case of the
Eph/ephrins it has been found that the cell adhesion molecules
L1 and Close homolog of L1 (CHL1) can interact with individual
EphA receptors and cooperate with them to guide speciﬁc sets of
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thalamocortical axons to their cortical targets (Demyanenko et al.,
2011). These combinatorial actions are an important subject for
future research.
FUTURE PROSPECTS
THE IMPORTANCE OF COMBINATIONS OF REGULATORY MOLECULES
FOR THALAMIC AXONAL GUIDANCE
The development of precise, complex connectivity in the nervous
system is regulated by a set of guidancemolecules whose size is tiny
compared to the number of connections that form.Aquestion that
requires answering is how so few guidance molecules specify the
development of so many connections with such precision. In this
review we have stressed the importance of levels and combinations
of guidancemolecules,with different levels and combinations hav-
ing different effects on navigating thalamic growth cones. We can
now appreciate that the range of instructions given to growing
axons depends not only there being different guidance molecules
with different properties but also on the fact that different levels,
possibly other variables such as different isoforms, and different
combinations of molecules modify the actions of these guidance
cues. Many molecules that are not usually thought of primarily
as guidance factors might, therefore, be involved in modulating
the actions of the classical guidance molecules. We have already
seen above that serotonin, thought of primarily as a neurotrans-
mitter, can modify the actions of Netrin-1 (Bonnin et al., 2007).
This means that the range of molecules that might be involved in
specifying precise connectivity could be very much larger than the
families of guidance molecules implicated to date.
THE POTENTIAL IMPORTANCE OF CO-FACTORS IN MODULATING
GUIDANCE
As indicated above, additional speciﬁcity can be added to the
function of relatively ubiquitous signaling pathways by molecules
which act to modulate those pathways. For example, a potential
mechanism for increasing speciﬁcity in this way is provided by
enzymes that modify heparan sulfate (HS), the complex sulfated
glycan component of cell surface and extracellular heparan sul-
fate proteoglycans. HS is modiﬁed by the addition and removal of
sulfate moieties by speciﬁc heparan sulfotransferase and endo-
sulfatase enzymes to generate a potentially enormous number
of differentially sulfated structure (Turnbull et al., 2001). The
high degree of structural diversity coupled with the fact that HS
mediates the function of many morphogens and axon guidance
molecules including Slit, Netrin, Wnt, FGF, VEGF, neuregulin,
and Hh family members has prompted the “heparan sulfate code”
hypothesis which postulates that differentially sulfated HS sugar
structures act in combination with signaling proteins and their
cell surface receptors to specify distinct cell fate and axon guid-
ance responses (Bulow and Hobert, 2004; Lee and Chien, 2004;
Holt and Dickson, 2005). Consistent with the hypothesis that this
mechanism functions in the developing mammalian brain, dis-
tinct axon navigation phenotypes occur at the optic chiasm and
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FIGURE 12 | Expression of heparan sulfate modifying enzymes Hs2st
and Hs6st1 in distinct patterns in the thalamus. Expression at E18.5 is
revealed by LacZ staining (blue) of embryos heterozygous for a LacZ
gene-trap integration in (A,B) Hs2st or (C,D) Hs6st1. Note that each enzyme
is expressed in a highly distinct pattern. (A,C) are coronal sections and (B,D)
are sagittal sections with anterior to the right. Th, thalamus.
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in the corpus callosum in mouse knock-out models lacking the
HS modifying enzymes Ndst1, Hs2st, or Hs6st1 (Grobe et al.,
2005; Pratt et al., 2006; Conway et al., 2011a,b). While the role
of HS modifying enzymes has not been studied in the thalamus
and its connections in much detail to date, we have found that
Hs2st and Hs6st1 are expressed in remarkably regionalized, and to
some extent complementary, patterns in the embryonic thalamus
(Figure 12). Thalamic development and axonal projection rely on
many of the same molecular pathways as the optic chiasm and
corpus callosum, for example Netrin and Slit mediated axon guid-
ance, so it is tempting to speculate that regionally expressed HS
modifying enzymes create regions of different HS bioactivity in
the developing thalamus which are important for its development
and connectivity, most likely in highly speciﬁc ways.
SCREENING FOR MORE GUIDANCE FACTORS
Recently, researchers have started to broaden the search for genes
thatmight be involved in regulating thalamocortical development.
One study used a forward genetic approach in which random
mutagenesis was carried out in mice and mutations with effects
on thalamocortical development were screened for by examining
the morphology of the thalamocortical tract (the tract was speciﬁ-
cally labeled in these mice since they carried a thalamus-expressed
reporter transgene). Several lines carrying mutations in genes not
previously known for roles in thalamocortical development were
obtained (Dwyer et al., 2011; discussed in Lokmane and Garel,
2011). Such screens have the exciting potential to reveal addi-
tional genes regulating thalamocortical development without bias
toward those whose proteins themselves have the ability to attract
or repel growth cones. This approach is likely to identify new crit-
ically important co-factors whose analysis is probably going to be
a major focus for future research in this area.
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